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Event-related functional MRI and a version of the Stroop color
naming task were used to test two conflicting theories of anterior
cingulate cortex (ACC) function during executive processes of
cognition. A response-related increase in ACC activity was present
when strategic processes were less engaged, and conflict high, but
not when strategic processes were engaged and conflict reduced.
This is inconsistent with the widely held view that the ACC
implements strategic processes to reduce cognitive conflicts, such
as response competition. Instead, it suggests that the ACC serves
an evaluative function, detecting cognitive states such as response
competition, which may lead to poor performance, and represent-
ing the knowledge that strategic processes need to be engaged.

W ith the recent emergence of cognitive neuroscience, no
other subject has generated greater interest than under-

standing the neural substrates of higher cognitive functions. In
particular, executive functions, which are necessary for con-
trolled information processing and coordinated actions, are now
widely investigated. One region of the brain that has been
repeatedly associated with executive functions is the anterior
cingulate cortex (ACC), on the medial surface of the frontal
lobes (1–4). This region of the brain is active during a wide range
of cognitive tasks, which engage executive functions (5), and
appears to be particularly vulnerable to disease processes in
which executive control is impaired (6, 7).

Two broad theories of ACC function during executive control
have been proposed. The first, which is based on a large body of
functional neuroimaging data, is that the ACC serves a strategic
function, selection for action, defined as ‘‘processes which reduce
the competition between potential responses to a stimulus’’ (8).
This highly influential theory has been invoked to account for
the ACC activity that is observed during a wide range of
demanding cognitive tasks. The second, perhaps less well known
view, derives from electrophysiological studies of the error-
related negativity (ERN), a scalp potential that appears to have
its source in the ACC (9–12). The ERN is observed concurrent
with subjects generating an incorrect response on a range of
speeded response tasks. ERNs are also observed when subjects
make ‘‘partial errors’’ on trials in which subjects begin to make
an error but then correct themselves. Several aspects of the ERN,
including the observation that the largest ERNs are generated by
these partial errors and that reaction times (RTs) on subsequent
trials are longer when ERN9s are larger (12), suggest that the
ACC is part of a circuit involved in error detection and com-
pensation. In other words, this theory proposes that the ACC
performs an evaluative function in the service of executive
control. Recent functional neuroimaging data support that the
ACC does indeed show error-related activity, but that it is likely
that rather than detecting errors per se, it detects conflict
between incompatible response tendencies (13). This has led to
an alternative view regarding the evaluative function of the ACC,
that this region of the brain detects processing conflicts and as
such is part of an error prevention network (2). It remains

unknown whether the ACC also implements strategic processes
for conflict reduction.

Previous functional imaging studies of the ACC have not
distinguished between the presence of conflict, which might be
considered to reflect a demand for strategic processes, and the
engagement of these processes to strategically reduce the oc-
currence of conflict and its impact on cognition. Therefore, in
the present study, we used event-related functional MRI (fMRI)
and a variant of the Stroop color naming task, which dissociated
strategic processes and conflict to clarify the strategic vs. eval-
uative functions of the ACC. In this classical cognitive paradigm,
subjects are required to name the color of a word which is itself
the name of a color (14). Subjects are faster to color-name when
the color and the word are the same (a congruent stimulus, e.g.,
RED in red) than when the word and color are different (an
incongruent stimulus, e.g., the word RED in blue). This in-
creased response time reflects the fact that word reading inter-
feres with the color naming when the word and color conflict (15,
16), and is referred to as the Stroop effect. In the present
experiment, we manipulated subjects’ expectancies for congru-
ent and incongruent stimuli. When subjects have a high level of
expectancy that a stimulus will be incongruent, they are able to
strategically adjust the relative influence of word reading on
color naming (16) and reduce the amount of conflict that they
experience, which is reflected in a small reaction time Stroop
effect. In contrast, when they have a high expectancy for
congruent words, they allow word reading to more strongly
influence their performance and show a large Stroop effect,
reflecting high levels of competition as they process the infre-
quent incongruent stimuli (16–18). In other words, when ex-
pectancy for incongruent stimuli is high, strategic processes
implementing a high degree of top down control are engaged,
and the prepotent tendency to read the word is overcome, and
conflict associated with responding to incongruent stimuli is
reduced. When expectancy for congruent stimuli is high, stra-
tegic processes implementing a high level of top down control are
less engaged, less control is exerted over the prepotent response
tendency, and consequently conflict associated with responding
to incongruent stimuli is increased. In the present study, this
dissociation between conflict and strategic processes implement-
ing top down control allowed us to pit the putative strategic and
evaluative functions of the ACC against one another. If the ACC
implements strategic processes related to high levels of top down
control, then it should show increased activity during trials in
which strategic processes are engaged and conflict is reduced. If
the ACC is serving an evaluative function, detecting competition
between incompatible response tendencies, then it should show
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activity when strategic processes related to top down control are
less engaged and conflict is high.

Methods
Subjects were 12 healthy, young, right-handed adults, who were
recruited by advertisement and gave written informed consent
prior to participating in the study. Subjects performed the Stroop
task during fMRI under conditions of both high expectancy for
incongruent stimuli and high expectancy for congruent stimuli.
In high expectancy incongruent blocks, 80% of trials were
incongruent (IyI) and 20% congruent (Iyc). In addition, the first
four trials in these blocks were always incongruent and no
congruent trial was ever followed by another congruent trial.
Similarly, in high expectancy congruent blocks, 80% of trials
were congruent (Cyc) and 20% incongruent (Cyi). The first four
trials in these blocks were always congruent and no incongruent
trial was ever followed by another incongruent trial. Subjects
completed 4 blocks of 16 trials of each condition by using a fixed
order (ABBABAAB) design to control for linear and second
order polynomial scanner drift during the session.

We used the standard approach in Stroop experiments and
required subjects to respond verbally. Our event-related method,
in which we acquired multiple scans during the course of a single
trial, allowed us to use this approach. The well described 4- to 6-s
hemodynamic response lag results in a delay in the BOLD
response to cognitive events. Hence, artifactual fMRI signal
change introduced by verbal responding will be evident in scans
acquired at the time of responding, whereas activation associated
with cognitive and motor processes associated with responding
to the stimulus will be observed in scans acquired several seconds
later.

Subjects’ verbal responses were collected by using a nonfer-
romagnetic tubing leading to a microphone placed away from the
head coil and recorded for later analysis. Tapes were scored for
accuracy then digitized. Response latencies for each trial were
obtained from the digitized sound files. In scanner accuracy data
were obtained for all 12 subjects. In scanner RT data were not
obtained for two subjects because of technical problems. RTs
were available for these subjects from testing conducted imme-
diately after the scanning session and showed the expected
Stroop effect (RT greater for incongruent than congruent
stimuli). This effect was greater during the mostly congruent
than during the mostly incongruent blocks.

Functional images were acquired by using a 1.5 T GE Signa
whole body scanner with a standard head coil. Sixteen axial slices
(3.75 mm3 voxels) were obtained parallel to the AC-PC line.
Functional scans were obtained by using a two-shot T2*-
weighted spiral-scan pulse sequence (TR 1250 ms, TE 35 ms, f lip
angle 60 deg FOV 24 cm) (19). Scanning was event-related, with
acquisition of images synchronized to stimulus presentation.

Structural images were obtained prior to functional scanning by
using a standard T1-weighted pulse sequence. Images for all
subjects were coregistered to a common reference structural
MRI scan by using a 12 parameter automated algorithm (20).
They were then smoothed by using an 8-mm full-width half-
maximum three-dimensional Gaussian filter, to accommodate
individual differences in anatomy. Finally, data were pooled
across subjects to increase signal to noise.

fMRI data were acquired in an event-related manner, with
multiple scans within trial providing information about the
temporal dynamics of regional brain activity (13). We acquired
five 2.5-s scans during a 12.5-s intertrial interval (Fig. 1). We
excluded the first scan in each series, during which movement-
related artifact would occur. In fact, the amount of additional
movement associated with verbal responding was low (,0.05 mm
or degrees in any plane), and our results were essentially the
same with or without this scan being included.

Results and Discussion
Performance on the Stroop task confirmed that subjects were
forming expectancies for incongruent stimuli and engaging
strategic processes to reduce the degree of response conflict
elicited by incongruent stimuli during the mostly incongruent
condition. Error rates were extremely low (0.7% errors, 1% no
response or unclear responding). ANOVA conducted on group
RT data for correct responses acquired in the scanner with
expectancy (mostly congruent, mostly incongruent) and stimulus
type (congruent, incongruent) as factors revealed no main effect
of expectancy (F[1, 9] 5 .07, P 5 .80), and the expected main
effect of trial type (F[1, 9] 5 21.98, P , .001, with longer
latencies observed for incongruent stimuli, [mean 845 ms, SD
152], than for congruent stimuli [mean 747 ms, SD 155]. Most
importantly there was also a significant expectancy by trial-type
interaction; F[1, 9] 5 26.96, P , .001). In the mostly incongruent
condition, the mean Stroop effect was 44 ms (Iyi 816 ms, SD 156,
Iyc 772, SD 169), reflecting the engagement of strategic pro-
cesses and the reduction of conflict. In the mostly congruent
condition, the mean Stroop effect was 154 ms (Cyi 875 ms, SD
150, Cyc 721 ms, SD 144), reflecting that strategic processes were
less engaged and conflict was high for incongruent trials in this
condition.

To avoid confounds associated with error-related activity in
the ACC, fMRI data were analyzed by using correct trials only.
The statistical analysis used voxelwise ANOVAs, with expect-
ancy (mostly incongruent, mostly congruent), stimulus type
(congruent, incongruent), and scan-within trial (scans 2–5) as
factors. Statistical maps of voxelwise F-ratios were thresholded
for significance by using a cluster-size algorithm, which takes
account of the spatial extent of activation to correct for multiple
comparisons (21). A cluster-size of 8 contiguous voxels and a

Fig. 1. Stimuli were presented for 500 ms, followed by an interstimulus interval of 12 s. Image acquisition was synchronized with stimulus onset and five 2.5-s
fMRI scans were acquired during the course of a 12.5-s trial.
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voxelwise a of 0.01 was chosen, corresponding to an imagewise
false positive rate of 0.01. To obtain maximum protection against
type I errors that can arise from correlated error in the repeated
measurements, we used the minimum possible degrees of free-
dom for this test, according to the conservative Greenhouse–
Geisser adjustment (df 5 1, 11). The ACC particle (Talairach
coordinates 0, 15, 41) survived this very conservative correction
(eight contiguous voxels with F . 9.65). This significant inter-
action between expectancy, stimulus type, and scan revealed that
there was no modulation of ACC activity by trial type in the high
control, low conflict incongruent trials in the mostly incongruent
blocks. However, ACC activity was robustly increased during the
low control, high conflict incongruent trials of the mostly
congruent blocks (Fig. 2).

These results are not consistent with a role for the ACC in
implementing the strategic processes that reduce response conflict
during the mostly incongruent condition. When strategic processes
were engaged and conflict reduced, as reflected by the small RT
Stroop effect in the mostly incongruent blocks, the ACC was not
differentially active during congruent and incongruent trials. In
contrast, when strategic processes were relaxed and conflict high, as
reflected in the large RT Stroop effect in the mostly congruent
condition, the ACC showed robust increases in activity during
incongruent trials. Stated in other terms, in this experiment, ACC
activity appeared to track the degree of conflict associated with
responding to Stroop stimuli, and not the degree to which strategic
processes were engaged. Critical in this respect, in the direct
contrast of incongruent trials across the two expectancy conditions,
activity in the ACC region of interest was significantly higher during
low expectancy incongruent trials compared with high expectancy
incongruent trials (P , 0.05). When conflict is high and control is
low, the ACC is significantly more active than when control is high

and conflict is low. These results suggest that the ACC serves an
evaluative, rather than strategic, function during executive pro-
cesses of cognition.

An alternative interpretation of both the reaction time data
and the ACC activity would be that rather than reflecting the
effects of conflict, driven by expectancy-based variations in top
down control, our data reflect the effects of ‘‘surprise’’ effects for
the two unexpected stimulus types (unexpected incongruent or
Cyi, unexpected congruent or Iyc). This is a difficult confound
to address, because both surprise and strategic effects would
result in the same pattern of behavioral effects, slower RTs for
Cyi compared with Iyi (increased interference or surprise), and
slower RTs for Iyc than Cyc (decreased facilitation or surprise).
Results of an experiment by Tzelgov et al. (22) do suggest that
strategic factors, and not surprise, are driving RT effects in the
current study. In that study, expectancies were manipulated by
varying the proportions of neutral words in a block while keeping
the relative proportions of congruent and incongruent stimuli
fixed. Increasing proportions of neutral words, and hence lower
expectancies for color words, resulted in increasing Stroop
effects (incongruent–congruent, as in the present study). If the
expectancy effects were the result of surprise, rather than
control, this pattern of results would not have been seen, since
congruent and incongruent trials were equally unexpected in the
high proportion neutral conditions. A notable neuroimaging
finding that is inconsistent with the notion that the ACC activate
with surprise is the observation of increased activity in this
region when an implicitly learned higher order grammar, which
predicted the sequence of button press responses to be generated
by the subject, was changed to a novel one unbeknownst to the
subject (23). ACC activity associated with conflict between the
learned and novel stimulus-response mappings was observed

Fig. 2. The time course of the BOLD response in the ACC during the course of a trial for each trial type. Data are displayed as percent change from the mean
activity in the region. Transient activity is seen in the ACC, which varies according to expectancy and trial type. In the mostly incongruent condition, ACC activity
is not modulated by trial type. In the mostly congruent condition, a robust modulation by trial type is observed, with greater activation in the incongruent,
compared with the congruent condition. In addition, when incongruent trials are contrasted directly across the two expectancies, ACC activity is significantly
greater in the low control, high conflict, mostly congruent condition, than the high control, low conflict, mostly incongruent condition.
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despite the fact that subjects had no explicit awareness of the
grammar change.

Also arguing against a ‘‘surprise’’ account of the ACC acti-
vation observed in the study is the fact that a direct contrast of
the activation in this region of the brain in the Iyc and Cyc
conditions was not significant (P . .8). Finally, we conducted an
additional analysis, which speaks to whether ‘‘surprise alone’’
rather than conflict could account for the ACC activation
observed in the present study if we assume that surprise is a
factor driving this region. We focused on conflict-related activity
at the peak of the ACC activity (scan 3) and ‘‘subtracted out’’
activation that may be due to a general effect of surprise (for
each subject) by using the formula (Cyi 2 Iyi) 2 [Mean(Cyi 1
Iyc) 2 Mean(Iyi 1 Cyc)]. This was significantly greater than
zero, (t 5 2.62, one-tailed P 5 .012), indicating that some portion
of the difference observed at scan 3 between the expected and
unexpected incongruent stimulus is the result of differences in
conflict arising from strategic effects.

It is noteworthy that in the present study strategic effects were
engaged ‘‘tonically,’’ by allowing subjects to form expectancies as to
the likely occurrence of conflict-associated stimuli. In a separate
study (24), we have also shown that when strategic processes are
modulated on a trial-by-trial basis, ACC activity still reflects the
degree of response conflict elicited by a stimulus, and not the
degree to which strategic processes are transiently engaged. In that
study, we used event-related fMRI and the Eriksen task. It has been
shown (25) that when subjects respond to an incompatible stimulus
following another incompatible stimulus (Iyi trials), they experi-
ence less conflict (and show faster RTs) than when they respond to
an incompatible stimulus following a compatible one (Cyi trials). In
that experiment, ACC activity was significantly higher for high
conflict, low control Cyi trials than for high control, low conflict Iyi
trials, paralleling the results of the present study and suggesting that
the ACC is reflecting response conflict rather than implementing
trial-by-trial strategic effects.

One interpretation of our data that might suggest a strategic,
rather than evaluative, function for the ACC would be that this
region is modulating, in real time, the allocation of attention
between color naming and word reading. In this case, when
subjects encounter an incongruent trial during the mostly con-
gruent condition, the cingulate would become active as subjects
switched from word reading to color naming. If the ACC were
subserving such a strategic, real-time ‘‘switching’’ function, we
would expect that the activity of this region should be negatively
correlated with the disruptive effects of the incongruent stimulus
on performance (i.e., the Stroop effect). The more active the
ACC, the more efficient the switching, the smaller the influence
of the word on color naming. If, on the other hand, the ACC is
reflecting the degree of conflict elicited by the task, then the
opposite pattern would be expected, with a positive correlation
between ACC activity and the Stroop effect. We conducted this
analysis on data from the mostly congruent condition and found
that the mean size of the Stroop effect for each subject (incon-
gruent RT 2 congruent RT) was significantly positively corre-
lated with subjects’ mean percent change in activation from
baseline (scan 1) to scan 3 in the ACC during incongruent trials
(r 5 .58, P , .05). This suggests that ACC activation reflects the
degree of conflict elicited by the stimulus, and not the effect of
switching attention in response to the stimulus.

In the present experiment one additional region of the brain, left
inferior parietal cortex (IPL, BA 40 Talairach coordinates 247, 55,

42), also showed conflict related activity; however, the time course
of the BOLD response was quite different to that seen in the ACC.
IPL activity was greatest for high conflict trials and, as was also
observed in the ACC, this activity peaked in scan 3. Unlike the
ACC, where conflict related activity was transient and returned to
baseline before the next trial, in IPL this increased conflict-related
activity remained high until the onset of the next stimulus. This
suggests that one region in the brain that may implement trial-by-
trial strategic processes is right IPL.

Two other regions showed significant expectancy by trial type
by scan effects, inferior frontal cortex (BA 44y45) bilaterally and
extrastriate visual cortex (BA 18y19). All three regions showed
transient, response-related increases in activity over the course
of a trial. Left and right BA 44y45 (Talairach coordinates 247,
26, 27; 41, 28, 24, respectively) both showed higher activity for
cyI than other trial types. Interestingly, in both of these regions,
activity peaked fully a scan earlier (scan 2) than was seen in the
ACC. The earlier time course of peak response might be
consistent with the hypothesis that inferior frontal cortex is
engaged according to the selection demands of the task, as
recently proposed by Thompson-Schill et al. (26). The extrastri-
ate region (211, 90, 24) showed lower activity for the cyC stimuli
than for the other three types, peaked later than the ACC (scan
4), and was not fully back to baseline by scan 5. The time course
of activity was similar in this region to that seen in IPL,
suggesting that it, too, might be reflecting trial-by-trial strategic
effects.

Under conditions in which their performance indicated that
subjects were engaging strategic processes to reduce the effects
of response conf lict, no increased activity was observed in the
ACC. This is inconsistent with the theory that the ACC
implements strategic processes to minimize the degree of
conf lict elicited by the task. In contrast, when subjects’
performance indicated that strategic processes were less en-
gaged and conf lict high, a transient increase in activity was
observed in this region of the brain. This result suggests that
the ACC performs an evaluative function, ref lecting the
degree of response conf lict elicited by the task. Because the
ERN literature suggests that ACC activity is associated with
subsequent ‘‘corrective’’ actions, it is likely that other compo-
nents of the neural network implementing executive functions
are inf luenced by ACC activity to implement strategic pro-
cesses. This is consistent with the hypothesized central role for
this brain region in the executive control of cognition (27–29).
In the present view, the ACC would serve this function by
providing an on-line conf lict signal, indicating the need to
engage brain regions such as dorsolateral prefrontal cortex and
IPL to implement strategic processes (2). As such, the ACC
would serve as one component of an ‘‘error prevention’’
network. Future functional neuroimaging studies are likely to
reveal further details of the modular organization of the neural
network subserving executive processes and the mechanisms
by which individual components interact to maintain the
tightly coordinated yet highly f lexible activity that character-
izes the normal human cognitive system.
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